INTRODUCTION AND SUMMARY
The detection of nuclear charged pm:ticles and radiation is mediated by their interaction with matter. The most widely used materials for this purpose are gases (one of the earliest examples of which is the Geiger-Miiller counter), but liquids (e.g. liquid argon) and solids are used as well. Charged particles and electromagnetic radiation can ionize atoms, thus producing free electric charge carriers that may be collected and measured directly. Secondary effects, e.g. the detection of light generated in scintillators by the recombination of ions and electrons, can also be used.
A large variety of detectors for ionizing nuclear radiation based on ionization in gases have been developed in the past decades. These detectors can measure position and energy of the radiation. Although semiconductor detectors have been used for nuclear spectroscopy for quite some time, the use of semiconductors for position measurement is rather new. This field has advanced rapidly in recent years. Such growth was mainly triggered by efforts in elementary particle physics, in which extremely fast and precise position measurement was required for the measurement of very rare and very short-lived charm particles. The development of detectors with tllese properties was made possible by the adaptation of technologies used in microelectronics to the fabrication of silicon detectors (1) . Many new ideas were developed in the process, and completely new semiconductor structures were invented.
The very rapid growth of interest in silicon detectors and their continuously extended u:se for the detection of ionizing radiation stems from the special properties of semiconductor detectors. It has been accelerated by the tremendous improvement in silicon detector technology, in front-end (micro) electronics, and in signal processing. Detectors and entire detector systems can be tailored according to the needs of the users for high-resolution spectroscopy and/or precision position measurement.
This article covers recent developments in silicon detectors, beginning with the introduction of the planar process into the detector fabrication. We focus on position-sensitive devices and systems capable of measuring high-energy particle tracks with high precision, which allows the reconstruction of decay track topologies of short-lived heavy-flavor particles. After describing silicon detectors and custom-designed readout electronics, which are predominantly used in present-day experiments, we introduce new and parallel detector developments: c, harged-coupled devices (commonly used in video cameras), silicon drift devices, and alternative pixel devices based on novel detector structures. In this review we also seek to elucidate the working principles of semiconductor detectors. A short section on semiconductor physics precedes the description of detectors and detector systems. Included is a discussion of the physics and parameterization of radiation damage and radiation hardening, an important subject in view of the hostile radiation environment that will be encountered at high-luminosity accelerators such as the large hadron collider currently planned at the CERN laboratory in Switzerland.
The construction of large systems based on semiconductor detectors has posed new challenges (miniaturization of readout electronics, lightweight stable support st~actures, cooling aspects). The last chapter describes two applications of silicon detectors in elementary particle physics research: a detector telescope, to be used in a state-of-the-art fixed-target experiment, and a typical collidingbeam experiment.
to lie in bands. The valence and the conduction band are separated by an energy gap in which no electrons axe allowed. At absolute zero temperature, the valence band is completely filled with electrons, whereas the conduction band is completely empty. Thus no electric conduction is possible; the crystal is a perfect insulator. At higher temperatures, few electrons will be thermally excited to the conduction band. Electrons missing in the valence band are called holes. For a perfect single crystal, also called an intrinsic semiconductor, the number of electrons is equal to the number of holes.
The occupation probability of an electronic state of energy E is given by the Fermi-Dirac function
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where kT is the mean thermal energy (0.026 eV at room temperature), which is much smaller than the band gap (1.12 eV) for silicon. At the Fermi energy E = EF the occupation probability is 50%. Because the density of states is very high in the bands, the conduction electrons and holes will be distributed close to the lower edge of the conduction band and the upper edge of the valence band, respectively. The Fermi level is close to the center of the band gap.
DOPING
It is impossible to produce truly intrinsic semiconductors because of crystal defects and impuritie:~. One usually and intentionally produces crystals with a very small fraction of foreign atoms added to the lattice. This doping procedure creates local states in the originally forbidden energy gap. One distinguishes donor atoms with one additional electron in the outer shell, e.g. phosphorous or arsenic, that produce an energy level close to the conduction band and acceptor atoms with one less valence electron, e.g. boron in silicon, that produce an energy level close to the valence band.
In n-doped material (doped with donor atoms), almost all electrons from the donor states situated close to the conduction band will move into the conduction band because of the high density of available free states in the band. This situation is described by a shift of the Fermi level EF from the gap center toward the conduction band, resulting in a decrease in the density of holes in the valence band. In p-doped crystals (doped with acceptor atoms), analogue effects lead to an increase of hole densities and a reduction of electron densities. The product of electron and hole densiities is independent of doping but strongly dependent on temperature.
www.annualreviews.org/aronline Annual Reviews Since doping concentrations are usually orders of magnitude higher than the intrinsic carrier concentration, the effect of doping dominates the conduction properties of semiconductors. Doped material is electrically neutral because the charge of the additional movable charge carriers (electrons or holes) compensated by the excess nuclear charge of the foreign atoms. If the movable charge carriers are removed by application of an external electric field, for example, the excess nuclear charge produces a space charge region.
2.1.3 CHARGE CARRIER GENERATION AND TRANSPORT Thermal energy may move electrons from the valence band into the conduction band, leaving behind a hole in the valence band. This process can also be initiated by the interaction of radiation with the semiconductor material. If, for instance, a charged particle traverses tile semiconductor, electrons of the densely populated valence band will be mo.ved into the conduction band, leaving behind the same number of holes.
Once electrons and holes are generated, they can move almost freely. Their motion is interrupted only by scattering on lattice imperfections resulting from thermal lattice vibrations, impurities, and defects. On a macroscopic scale, carrier transport is described by drift and diffusion. If charge generation by ionizing radiation, for example, occurs in the space charge region, electrons and holes will be spacially separated by the electrical field in this region, thus creating an electric signal that is detectable on electrodes placed at the surface of the semiconductor.
SEMICONDUCTOR PROPERTIES
The unique properties of semiconductor material can best be appreciated by a comparison with the most widely used detectors, which are based on ionization in gas. In this comparison, data for silicon are used for reference.
1. The small band gap (1.12 eV) leads to a large ratio of signal and energy loss of the ionizing particles to be detected. The average energy for creating an electron-hole pair (3.6 eV) is an order of magnitude smaller than the ionization energy of gases (,-,30 eV).
2. The high density (2.33 g/cm 3) results in a large energy loss per traversed length of the ionizing particle (3.8 MeWcm for a minimum ionizing particle). Therefore, one can build extremely thin detectors that produce signals large enough to be measured. In addition, because the very small range of ẽ lectrons prevents significant shifts of the center of gravity of the ionization from the position of the track, an extremely precise position measurement (a few/zm) is possible.
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4. The high mechanical rigidity allows construction of self-supporting structures.
5. Completely absent in gas detectors is the possibility to create fixed space charges by doping. In semiconductors, one can develop rather sophisticated field configurations without obstructing the movement of signal charges. This allows the creation of detector structures with new properties that have no analogue in gaseous detectors.
6. Since both detectors and electronics can be built from silicon, they can in principle be integrated into a single device.
Basic Semiconductor Structures
2.2.1 p-n DIODE JUNCTION Probabl,.¢ the most important electronic structure is the p-n junction, obtained by joining extrinsic semiconductors of opposite doping. Such a structure exhibits diode characteristics, i.e. it will conduct current only in one direction. To understand this phenomenon we first consider the structure in thermal equilibrium without application of an external voltage and then examine it with application of voltages of either polarity. We start from the hypothetical conditions that the homogeneously doped pand n-regions are initially separated, electrically neutral, and in thermal equilibrium, with the electrons and holes homogeneously distributed in their respective volumes. Once the regions are brought into contact (Figure 1 ), electrons will drift into the p-region and holes into the n-region, resulting in a surplus of negative electric charge in the p-region and of positive charge in the n-region, thus creating an electric field that counteracts the diffusion. This field sweeps away any movable charge carriers (electrons and holes) in the region around the boundary, resulting in a space Charge region in which the excess nuclear charges from the doping atoms are not neutralized by movable charge carriers.
The built-in voltage that appears as the difference of the intrinsic level El in the neutral n-and p-regions stems fi'om the requirement that the Fermi levels must line up in thermal equilibrium. This built-in voltage will not appear on, for example, metal electrical contacts attached to the device since it will be compensated by the built-in voltages in the metal semiconductor contacts.
The space charge region around the boundary will be almost free of movable charge carriers, while the majority carrier concentration in the neutral regions www.annualreviews.org/aronline Annual Reviews n P Figure 1 p-n diode junction in thermal equilibrium before (a) and after (b) p-and n-type semiconductors are brought into contact. Large circles, Nuclear excess charge; smallfilled circles, electrons; small empty circles, holes. Band diagrams are shown in the bottom part with Ev and Ee the edges of valence and conduction band, respectively; Ei the intrinsic energy; and EF the Fermi level.
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www.annualreviews.org/aronline Annual Reviews Figure 2 p-n diode in the abrupt change approximation, n, p, ND, and NA are electron, hole, donor, and acceptor concentration, respectively; d, the width of the space charge region assumed to be fully depleted of movable charge carriers; p, space charge density; E, the electric field; V, potential respective intrinsic energy.
will be large. In most practical cases, the transition regions will be very thin with respect to the space charge region, so that for the calculation of the potential one may in good approximation assume an abrupt change between the neutral and completely depleted space charge region ( Figure 2 ). If a voltage is supplied in such a way (negative on the n-side and positive on the p-side) that the movable charge carriers are pushed toward the junction, electrons and holes will recombine near the interface and a steady current will flow. Application of the voltage in the opposite direction pulis electrons and holes apart, thus increasing the space charge region. The reverse bias condition in which only a small reverse bias current flows is the standard operating www.annualreviews.org/aronline Annual Reviews condition tbr a detector application. The reverse bias current, which limits the detector performance, results from the thermal generation of charge carriers in the space charge region and from the diffusion of minority carriers from the neutral regions into the space charge region. Using elementary electrostatics, one finds for a homogeneously doped detector that the width of the space charge region rise!; with the square root of the applied voltage.
METAL-SEMICONDUCTOR CONTACT
The metal-semiconductor contact was one of the first practical semiconductor devices to exhibit rectifying properties. In its early form, it was a whisker pressed against a semiconductor surface. At present, metal-semiconductor contacts, also known as Schottky barriers, are produced using the planar process, the technique generally applied in microelectronics fabrication.
The functioning principle of the Schottky barrier can be explained in the band model similarly to its role in the diode junction. Conductors differ from semiconductors in that they have a partially filled conduction band. Consequently, the Fermi level--the level at which the occupation probability is one halfmis located inside the conduction band. Furthermore, the number of charge carriers available in the metal is so great that in good approximation for static situations the electric field inside the metal is zero and the interaction with the surrounding environment can be described by a surface charge.
Rectifying properties can be explained by the build-up of a potential barrier at the metal-semiconductor boundary resulting from the difference in the work function (the energy needed to bring a unit charge from the Fermi level to the vacuum) of semiconductor and metal, A space charge region forms in the semiconductor next to the metal, creating a potential difference between the semiconductor and the metal. This rectifying property is used in surface barrier detectors, but more often a good (ohmic) contact between metal and semiconductor is desired. This is accomplished by providing a high doping region at the surface so that electrons can tunnel through the very thin barrier between me, tal and semiconductor.
METAlS-INSULATOR-SEMICONDUCTOR (MIS) STRUCTURE
To work with semiconductor detectors, one must thoroughly understand not only the properties of the p-n diode junction and the metal-semiconductor contact, but also those of the MIS structure This structure is more frequently referred to as the MOS (metal-oxide-semiconductor) structure since the common insulator in the case of silicon is Sit2. The MOS structure forms the basis for most chargecoupled devices (CCDs), which are commonly used for optical imaging. It also the essential component of MOS transistors, the basic building blocks of the most widely used microelectronics circuit. Knowledge of the MOS structure is www.annualreviews.org/aronline Annual Reviews also necessary when dealing with unwanted effects in the insulation structure of detectors and electronics, which in most cases is based on oxide. Moreover, the MOS structure has proven extremely useful for investigating semiconductor surface effects. Looking at the device in a very naive fashion (Figure 3) , we see a homogeneously doped p-type semiconductor insulated from the metal by an oxide layer. If an external voltage is not applied to the metal, the electrons will be uniformly distributed in the semiconductor, and the electric field will be zero anywhere in the device. If a positive voltage is applied to the metal with respect to the semiconductor bulk, electrons will be attracted to the semiconductor oxide interface, and a thin layer of negative charge will form in the semiconductor at the boundary. A voltage will then appear across the oxide layer. This process is called accumulation. The situation is more complex if a negative voltage is applied to the metal. This causes the electrons to be repelled from the interface, and a positively charged space charge region will form. If the voltage is small, this situation is stable and is ,called depletion. If the voltage is further increased, the depletion width will increase, but this "overdepleted'" situation is not stable. Thermally generated electron-hole pairs will be separated by the electric field in the space charge region, with the electrons moving toward the Figure 3 States of an "ideal" p-type MOS structure: thermal equilibrium, accumulation, surface depletion, overdepletion, and inversion. V, Externally applied voltage.
V>>O
Flat band condition
www.annualreviews.org/aronline Annual Reviews bulk and the holes accumulating at the semiconductor-insulator interface. The thin positive-charge layer is called the inversion layer, the status of the system inversion.
In the ~,verdepleted state--although not in thermal equilibrium--a MOS structure can be used as a detector. Electrons generated by ionizing radiation in the space c, harge region will move toward the oxide-semiconductor boundary. They can be detected on a metal electrode or they can be moved in a controlled fashion sideways toward a readout electrode, as is the case in most CCDs.
POSITION-SENSITIVE DETECTORS
Semiconductors, which were originally used for energy measurement of ionizing particles in nuclear physics, have now become even more important for high-precision position measurement. Their unique ability to combine high precision and high speed stems from the material properties described in Section 2. The most basic detector structure is a simple rectifying junction. This junction may be either the historically older metal-semiconductor contact or a p-n diode. We restrict ourselves to the latter, which is used almost exclusively.
A simple diode like that described in Section 2.2.1 may be used to detect photons or other ionizing radiation, such as X rays, o~-and/~-radiation, and high-energy charged particles. The diode may be used without the application of external bias or in a reversely biased mode. Reverse biasing increases the sensitive depth of the detector but also gives rise to a reverse bias current superimposed onto the detector signal. Unbiased detectors therefore are commonly used for radiation level measurements, whereas biased detectors are applied for single-particle measurements.
The p-n junction detector shown in Figure 4 illustrates the working principle of reverse bias detectors. The diode consists of a highly doped shallow p+ region on a very low-doped n-substrate, the backside of a higly doped n + layer. The purpose of this n + layer is twofold: It provides good ohmic contact from the aluminum to the substrate and simultaneously allows operation of the device in overdepleted mode. Electron-hole pairs generated inside the space charge region-are separated by the electric field and move toward-the electrodes. In the detector shown in Figure 4 , holes will move toward the p+ junction while the electronts drift to the backside n + electrode. The signals at the detector will appear not only at the time of arrival of the charges at the electrodes but also already during the process of drift of the charges ( Figure 5 ), since electrons and holes will induce unequal charges in the electrodes owing to their different distances from the electrodes. www.annualreviews.org/aronline Annual Reviews 3.1 Strip Detectors 3.1.1 p-n DIODE STRIP DETECTORS Strip detectors have been developed to measure the position of single particles incident on or traversing the detector. At first glance, the principle of strip detectors is rather simple. The large-area diode described in the previous section is simply divided into narrow strips, each of which is read out by a separate electronic circuit. The position of the ionizing particle incident on or traversing the detector is given by the location of the strip carrying the signal. Since the signal charge during collection time will undergo diffusion, it may spread to several neighboring strips. Analogue readout of signal charge therefore not only allows simultaneous determination of energy and position but it also (by means of interpolation) improves position measurement, provided the strip spacing is matched to the diffusion width. Capacitive coupling among strips may also be used to decrease the number of readout channels, as shown in Figure 6 . Only some of the strips (e.g. every third strip) are connected to readout circuits. Charge collected on intermediate (not connected) strips is capacitively coupled to the neighboring readout strips through the strip-to-strip capacitances (2) . To avoid distortions of the electric field configuration, the intermediate strips must be held at the potential of the readout strips. This may be accomplished with a highly resistive connection of neighboring strips.
3.1.2 DOUBLE-SIDED STRIPDETECTORS Strip detectors described thus far make use of only one type of charge carrier, usually holes. The use of electrons Figure 5 Signal formation by the separation of electron-hole pairs due to the electric field in the space charge n~gion of the detector. Q1 and Q2, Charges induced in top and bottom electrodes, respectively, by the electron-hole pair's spatial separation xe -Xh.
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Ap + N= N ÷ Figure 6 Cross section of a diode strip detector. Cs is the interstrip capacitance. R is the high ohmic resistance needed in case of capacitive charge division readout.
collected at the opposite surface of the wafer can provide additional information. A second coordinate could be read out from the same wafer if the backside were also divided into strips. However, a slight complication is inherent in this approach. Because the silicon-oxide contains positive charges, it will cause an electron accumulation layer to form, thereby shortening the n-doped strips. This layer may be interrupted either by a large-area compensation implant, by p-doped insulation strips, or by properly biased MOS barriers (3; see Figure 7 ).
3.1.3 CAPACITIVELY COUPLED STRIP DETECTORS Capacitive coupling of the detector strips to the readout electronics eliminates dark currents and thus avoids channel-to-channel and time-dependent pedestal shifts. The integration of this feature into microelectronics is difficult because of large capacitances and resistances needed. It is therefore advantageous to integrate the capacitances and resistors into the detector (4). Capacitances are generated by inserting an insulating SiO2 layer between strip implant and metallization. Biasing resistors are formed by polysilicon, resulting in a rather complicated detector fabrication process that requires 12 photolithographic steps for a double-sided strip detector.
3.1.4 SIMPLIFIED BIASING The dete, ctor technology could be drastically simplified by a novel biasing scheme that uses the punch-through effect and/or resistors formed by an electron accumulation layer (5). More drastic simplifications have been proposed (6) . The double-sided, capacitively coupled strip detector shown in Figure 8 can be produced with only three photolithographic steps. Biasing is performed on both :surfaces by punch-through (also known as reach-through or foxfet biasing) in flae bulk below the gates from the bias ring to the ends of the strips.
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Electronics for Strip Detector Readout
The need for the development of microelectronics for strip detector readout became apparent when silicon strip detectors were introduced into particle physics experiments. The detectors originally were read out with discrete component circuits located at the end of a huge fan-out and using several orders of magnitude more space than the detector itself. This enormous space requirement for the readout electronics together with the high power consumption prevented the application of finely segmented strip detectors in ccllider experiments, where space and cooling are limited.
www.annualreviews.org/aronline Annual Reviews Figure 8 Simplification of strip detectors. This double-sided detector with integrated biasing structures and coupling capacitors can be built in only three photolithographic steps.
Microelectronics with channel densities matched to the 50-100/~m readout pitch of strip detectors was required. Development of this type of electronics began in Germany (7) and was first implemented at Stanford (8) . Today a large number of microelectronic chips are available for strip detector readout and other applications (9).
The basic concept of all of these readout circuits is similar. The strip detector signals are amplified using charge-sensitive amplifiers, filtered to reduce noise, and subsequently stored in parallel on capacitors. Once an interesting event has been detected by some other means, a trigger is generated and further signal storage is prohibited. Instead, the voltage stored on the capacitors is read out serially through a single output line. In this way, only a small number of electrical connections must be provided between detector modules and outside electronics. These circuits differ in the method of signal filtering, in the provision for suppression of channels without signals, and in the microelecl:ronics technology employed. The radiation hardness of the readout electronics has recently become a very important issue because of the high-intensity particle accelerators currently being planned.
Charge-Coupled Devices
CCDs have long been used as electronic elements for storage and transfer of charge and, more importantly, as optical sensors, which are most commonly used in video cameras. A few years ago specially selected optical CCDs also found application as position detectors in elementary particle physics (10) . three-phase MOS CCD best demonstrates the working principles. Its cross section (along the direction of movement of charge) is shown schematically Figure 9. www.annualreviews.org/aronline Annual Reviews www.annualreviews.org/aronline Annual Reviews
As for the strip detector, the CCD is derived from the simple MOS structure (Figure 3 ) by dividing the metal electrode into strips. The bulk is connected through a backside ohmic contact, and a diode strip is added for collection of the minority carriers (Figure 9a) .
Every third metal electrode is kept at the same potential, and the bulk is put at a negative voltage -Vbias so that the device is operated in overdepleted mode (see Section 2.2.3). Putting the electrodes on different potential creates local energy minima for electrons at the Si-SiO2 interface just below the electrodes with the highest applied voltage (~b~ in Figure 9 ). Electrons produced in the space charge region, e.g. by light or ionizing radiation, move toward the oxide and assemble below these electrodes. The partial filling of electron potential minima results in local shrinking of the depletion layer thickness and in a reduction in the depth of the corresponding electron potential minima, as indicated in Figure 9b . The charge can be moved toward the readout electrode by a periodic change of the voltages ~1, ~2, and ~b 3, as shown in the figure. First, ~b2 is increased to the same level as ~1; the signal charge !;preads between ~b~ and q~2. If ~b~ is then lowered, the signal charge transfers below the electrodes ~b2. If this procedure is followed for ¢~ and ~b3 and then again for ~b3 and ~b~, the signal charge is moved by a complete cell size. After several cycles the charge finally arrives at the diode, where it can be measured.
The device shown in Figure 9 serves only to demonstrate the charge collection and transfer mechanism. As a practical device, it will not work. One of the reasons is the gaps between the metal electrodes with bare oxide, where the potential at the outer surface is not defined. This may lead to potential barriers that hinder the transfer of charge. Therefore, practical devices have overlapping gates with an insulator in between. 'l~ey are usually composed of polysilicon rather than metal.
Second, the signal charge must be prevented from spreading along the gate electrodes, for example, by varying the doping at the surface. This is most frequently accomplished by implanting p-strips, so-called channel stops, perpendicular to the gate electrodes.
In normal CCD configurations the complete charge distribution will be moved at once by one location, e.g. downward, so that a complete row of the picture simultaneously reaches a line CCD transfer register in which it is shifted one cell at a time through a single output node. Reading all pixels through a single output node makes the readout of a complete detector extremely time consuming (requiring anywhere from a large fr~tction of a second to several seconds). This delay is aggravated by the continuous sensitivity to particles during the readout, which makes devices of this type applicable only in low-rate experiments such as those at the SLD detector at the Stanford Linear Collider (11).
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Drift Detectors
The ingenious semiconductor drift chamber was invented by Gatti & Rehak (12) . The first satisfactorially functioning devices were built in a collaborative effort by J Kemmer at the Technical University of Munich, by the Max Planck Institute in Munich, and by the inventors (13) . One-and two-dimensional drift chambers have been built. The working principle is illustrated in Figure 10a . Starting from the diode and recognizing that the backside N + contact does not have to extend over the full area but can instead be placed anywhere in the undepleted conducting bulk (Figure 10b) , it becomes clear that there room to put diodes on both sides of the wafer (Figure 10c ). At small voltages applied to tlae N + electrode, we have two detectors separated by the conducting undepleted bulk region (hatched lines). At high enough voltages (Figure 10d ), the two space charge regions touch each other, and the conducting bulk region retracts towards the N + electrode. This retraction yields a potential valley for electrons in which thermally or otherwise generated electrons assemble until they slowly diffuse toward the N + electrode (anode) while the holes drift rapidly in the electric field toward the P+ electrodes.
This double diode structure forms the basis for the drift chamber, which is completed by the addition of an electric field component parallel to the surface of the wafer. This component provides for the drift of electrons in the valley toward the anode and can be accomplished by dividing the diodes into strips and applying a graded potential to these strips on both sides of the wafer (Figure 11 ).. Drift chambers may be used as position-and/or energy-sensitive detectors. "lqae position can be determined from the time between incidence of ionizing particle and formation of the signal on the readout electrode (drift time of signal.electrons). The importance of the drift chamber as an energy-sensitive device stems from the collection of signal charges from a large-area device on a small-area and therefore small-capacitance electrode. This reduces noise in the readout electronics.
Although linear devices seem to be the most straightforward application of the drift chamber principle, some nontrivial problems result from the finite length of the biasing strips and the increasing potential to be applied to these strips, which requires a very large voltage to be applied to the device. Therefore, nontrivial guard structures had to be incorporated into the device to provide a controlled transition from the high-voltage region to the undepleted wafer region at the edge of the device.
Moreover, if the N + strip anode in Figure 11 is divided into pads, a twodimensional position measurement can be obtained, with one dimension given by the drift time and the other by the center of gravity of the charge on the pads.
www.annualreviews.org/aronline Annual Reviews www.annualreviews.org/aronline Annual Reviews Figure 11 Cross section of a semiconductor drift chamber. The large area diode of Figure 10 has been divided into strips. Suitable biasing of these strips provides a drift field parallel to the surface.
Other drift field configurations (e.g. radial drift) can be obtained by suitable shaping of the electrodes. Drifting toward a central collecting electrode is of particular interest for energy measurement, since the capacitance of the readout electrode may be reduced to almost 100 fF region. Drifting outward toward a segmented ring anode has also been demonstrated for a special application (14) .
The mea:surement precision in silicon drift chambers is especially sensitive to the detector dark current. This dark current sometimes is dominated not by thermal generation in the sensitive volume but by electron hole pairs generated at the oxide-.semiconductor interface. A special detector configuration has been invented to keep this current separated from the signal current and to drain it on a separate electrode (15).
Pixel Detectors
Although attempts have been made to develop monolithic pixel detectors, most effort has been focused on the "flip chip" hybrid approach in which a diode matrix and :readout electronic chips are produced on separate substrates with matching geometries. These substrates can be connected using bump-bonding techniques.
This method does not place severe demands on the detector but rather on electronics .'and connection techniques. Each pixel has its own dedicated amplification and discrimination stage and will hold or delay the information until the event trigger arrives. Usually pixels without signal information are skipped over in the readout, a decisive advantage with respect to the CCDs described above. Although a variety of readout architectures have been invented for this purpose, only one of them has proven successful to date (16) .
New Detector Developments
The semiconductor drift chamber proposed by E Gatti & P Rehak in 1983 (12) led to several new detector concepts (17) , some of which are described in this section.
The depleted field effect transistor (DEPFET) structure simultaneously functions as both detector and amplifier. Its working principle is most easily explained by comparing it to a standard FET (Figure 12) . From the various types of FET structures that can be used fbr this new device, we have chosen the p-channel MOS enhancement transistor. The standard transistor located on an undepleted n-doped bulk is kept at substrate potential Vbias. The p-doped source and drain are connected through an inversion layer forming the transistor channel. The transistor current is controlled by the potential of the metal gate on top of the insulating gate oxide. This current also may be modulated by varying the substrate potential, a usually undesirable feature called bulk effect. The addition of a large-area diode on the backside depletes the bulk from the back (see Figure 10 ). This process leads to a configuration similar to the drift chamber; once a sufficiently negative voltage is applied to the backside, the bulk underneath the transistor structure fully depletes of charge carriers, and a potential energy minimum for electrons is formed underneath the transistor. Obviously, for functioning of the transistor, only the potential at the valley is important, :independent of the depletion status in the region below.
When an ionizing particle incident from the bottom side, for example, is absorbed o:r traverses the detector, the generated holes will move toward the large-area diode, while the electrons are caught in the potential minimum below the transistor (with suitable doping in the region below the gate). These electrons will induce opposite charge in the channel and thus increase the transistor current.
The detector principle has been experimentally confirmed (18) . It immediately showed very good noise performance. An 55Fe spectrum shows a clear separation between the 5.9-and 6.5-keV gamma lines, as can be seen in Figure 13 . At room temperature, the energy resolution of 250 eV corresponds to an electronic noise of "~30 electrons.
The DEPFET structure has some extraordinary properties that make it extremely interesting for detector applications:
1. Because this structure is both detector and amplifier, the amplifier does not have to be matched to the detector, and no parasitic capacitances resulting from connections between detector and amplifier are present. This reduction in channel capacitance gives at least a factor of two improvement in noise performance.
www.annualreviews.org/aronline Annual Reviews 2. The signal size is proportional to the ratio of the transconductance over the (external) gate capacitance, with ~ae thermal (output) noise proportional the square root of the transconductance. Thus a very high signal-to-noise ratio can be obtained by shortening the gate length and width and increasing the oxide thickness.
3. The signal charge located in the energy minimum underneath the gate can be completely cleared by a short pulse on a nearby clearing electrode. Cleating therefore does not contribute to noise.
4. Because the measurement of signal charge is based on a change of the transistor current by means of charge induction, the signal charge is not destroyed and repeated readout is possible.
Because of these special properties of the DEPFET structure, a variety of applications are possible. These range from readout devices for drift detectors and CCDs to completely new devices. Here we restrict ourself to one of the most interesting devices, a pixel detector composed of a large two-dimensional array of DEPFETs. Such a device has already been proposed (17) , and the proper functioning of a 8 × 8 pixel prototype has been demonstrated by Klein et al (19) . The detector can provide two-dimensional position information and at the same time very good energy measurement.
The pixel detector consists of a large area covered with DEPFETs ( Figure 14) . The selection of a particular pixel may be accomplished using a proper configuration of source, drain, and gate potentials to turn on the current in a specific transistor. In the example given, sources are connected in rows and drains are connected in columns, whereas gate connections are made in inclined direction. Given such an arrangement, one may choose the pixel size by turning on several transistors simultaneously. For example, one may first perform a coarse scan to determine the regions of interest for which a detailed readout is to be performed. The detector can be read out in strip-like fashion in three different angles: first columns (connecting all sources, powering all gates; selected by decoder drain), then rows (selected by decoder source), and finally inclined rows (selected decoder gates). The three-coordinate readout uniquely determines the positions of several particles incident on the detector.
RADIATION EFFECTS ON ELECTRONICS AND DETECTORS
The future operation of semiconductor detectors in the extreme radiation environment of accelerators currently in the planning stage has focused attention on the study of radiation damage to detectors and electronics. Radiation generates www.annualreviews.org/aronline Annual Reviews
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Decoder DFains vo Figure 14 Random-access pixel detector based on DEPFET detector-amplification structures.
not only additional electron-hole pairs, thereby providing transient signals, it also interacts with the nuclei of the lattice, creating crystal imperfections that are referred to as bulk damage. Ionizing radiation creates electron-hole pairs not only in the semiconductor but also in the insulating layer (SiO2). Whereas electrons in silicon dioxide have high mobility and escape almost immediately, holes are extremely slow and may be: permanently captured in deep level traps of the oxide and at the oxide-semiconductor interface. Thus, positive charge is produced and accumulated in the oxide and at the oxide-semiconductor interface, resulting in threshold shifts of MOS transistors and in local high field regions in detectors. In the following section we briefly describe the physics and parameterization of radiation-induced bulk damage and propose a way to design a radiation-hard device using a capacitively coupled, double-sided strip detector as an example.
Bulk Radiation Damage
The dominant form of induced lattice damage is the displacement of atoms from their regular lattice sites, which creates both vacancies and (self-) interstitials. Most of these primary defects are not stable. Interstitials and vacancies are mobile at room temperature and will therefore partially anneal if by chance www.annualreviews.org/aronline Annual Reviews an interstitial fills a vacancy. Primary defects will, however, also interact with impurity atoms introduced during crystal growth and with each other, thus forming defect complexes that are stable and immobile at room temperature. These include the well-known A-center, a combination of a vacancy and oxygen; the E-center, a vacancy phosphor complex; and the divacancy, two missing silicon atoms right next to each other.
These stable defects locally distox~I the symmetry of the crystal. In general, they may assume two or more charg, e states corresponding to different types of chemical binding and lattice distortion. A changing to another charge state may result from the capture or emission of electrons and holes. The minimum energy necessary to emit an electron to the conduction band or a hole to the valence band determines the energy level of the particular defect charge state within the band gap.
Depending on the charge states and energy levels of the defects, some of the following effects will be dominant in the space charge region of a detector:
1. Generation of leakage current by emission of electrons and holes. This effect is dominant for defects with the energy levels close to the band gap center.
2. Trapping, i.e. capture and later reemission of electrons or holes. This process dominates if the defect level is not very close to either band.
3. Defects assuming a (on average) nonzero charge state. This effect results a change of space charge and in the operating voltage for the detector.
The stability of defects is temperature dependent. Heating may move or break up defects. The removal of defects in this way is termed thermal annealing and to some extent occurs at room temperature. However, new types of defect complexes may be generated in the process. Because the processes contributing to radiation damage are rather complicated, involving many types of interactions, the effects are only partially understood, and study of this field is usually restricted to a parameterization of measured changes in the material properties. These include the generation lifetime (determining the leakage current), the charge-trapping probability, and the effective doping change (determining the operating voltage).
Irradiation of silicon changes the effective doping; it increases p-doping, as evidenced by the space charge density. N-type silicon will first change to intrinsic and then to effective p-doping. After the irradiation is stopped, the effective p-doping will decrease on short time scales but will rise again on time scales of months or years. This effect, which is not satisfactorily understood and results in an increase in the operating voltages, has been termed reverse annealing. It can be suppressed by operating the devices at approximately 0°C.
Radiation-Hard Detector Design
Attempts to add impurities to the bulk material in order to getter primary defects into "electrically inactive" defect complexes thus far have not been successful. The radiation sensitivity of silicon oxide can to some degree be improved by optimizing the technology of the oxide growth. Since radiation damage itself in general cannot be suppressed, the design of detectors must take into account the expected changes in material properties. Depending on the type of detector, the sensitivity to the three parameter changes differs considerably. For example, CCDs will be most sensitive to charge losses by trapping when transferring the signals to the output node. Strip detectors suffer primarily from increased leakage currents and require higher operating voltage, caused by changes in generation lifetime and in effective doping.
From the above it is evident that a general recipe for radiation-hard design cannot be given. One must instead consider the design of detector and electronics and adapt it to specific requirements. An example of a radiation-hard concept for a double-sided, capacitively coupled strip detector that can be built with relatively little technological effort is shown in Figure 15 . This detector will work for both n-and p-type bulk material and therefore will survive type inversion, which mow~s the diode junctions from the top to the bottom surface. Biasing on both sides i:~ done by punch-through. A large-area implant for compensation of the oxide chtarge assures insulation between n-strips on the bottom. This implant must be strong enough to compensate the expected oxide charge build-up.
High-voltage protection structures provide for a smooth drop of the bias voltage from the edge of the active area toward the cutting edge, which assumes positive bias potential before type inversion and negative bias potential after type inversion. The protection structure at the top therefore is active for n-type Figure 15 Radiation-hard concept for a double-sided, capacitively coupled strip detector.
www.annualreviews.org/aronline Annual Reviews bulk; the one at the bottom is active for p-type bulk. Further simplification is possible with p-type silicon: The top side protection structure can be left off, and biasing of the top side can be accomplished by a forward-biased diode on the bottom near the cutting edge.
4.3
Radiation Hardness of Eilectronics By characterizing silicon-based integrated electronic circuits by their amplifying elements--bipolar transistors, MOS transistors, and JFETs -~one can distinguish bipolar and CMOS technologies or combinations, including JFET devices. The sensitivity of these elernents to bulk and surface radiation damage differs greatly. MOS transistors are affected mainly by oxide and interface damage (and bipolar transistors by bulk damage), whereas JFETs are in a certain sense "intrinsically radiation hard." The oxide and interface damage with its build-up of positive charges leads to a transistor threshold voltage shift that eventually may render the circuit inoperable. Furthermore, the degradation of electron and hole mobility will resul~I in a loss of amplification and bandwidth. Bipolar transistors suffer primarily from the deterioration of carrier lifetime, resulting in higher recombination in the base region and consequently in a loss of amplification and an increase of ~ae base current.
Radiation hardness has been a concern for industry for quite some time, and radiation-hard CMOS processes have been developed by using extremely thin gate oxides and by optimizing the processing conditions. Attention has focused on digital circuitry, but for detector applications, the noise performance is also of great importance. In this respect JFETs are superior to both MOSFETs and bipolar transistors. Although bipolar transistors are not suited for low-speed application because of the noise generated by the base leakage current, they may be superior to MOSFETs at high-speed operation.
COMPLEX SILICON DETECTOR SYSTEMS
As alluded to above, the initial mo~:ivation for the development of microstrip detectors came from the desire, in high-energy physics experiments, to detect and study charmed particles. These particles have short lifetimes (on the order of a picosecond). Following production in a high-energy collision, a charmed particle will travel a short distance (typically several millimeters, depending on particle energy and type) and then decay into several other particles. The point in space at which the production occurs is known as the primary vertex, and the decay point is called the secondary vertex. Finding the secondary vertex, distinct from the primary vertex, is essential for detecting charmed particles and measuring their properties. Two other types of particles have lifetimes of around 1 ps and therefore can also be well studied with silicon microstrip vertex www.annualreviews.org/aronline Annual Reviews detectors. The tau lepton, the heaviest known member of the lepton family, has a lifetime of 0.3 ps. Bottom particles, i.e. particles containing the b quark (the second-heaviest known quark), have lifetimes on the order of 1.5 ps. Figure 16 shows the typical decay vertex structure of an event containing bottom quarks produced in the decay of the massive Z° resonance. To find the seconda~3~ and tertiary decay vertices, the trajectories of the charmed particles emerging from a collision are measured in a set of particle detectors, for example, layers of silicon microstrip detectors followed by gaseous wire chambers. "Ihey are then extrapolated back to the vicinity of the collision point. The trajectories of the particles arising from the charmed-or bottom-particle decay will converge at the secondary vertex and will in general miss the primary vertex. The distance of closest approach of a track extrapolated to the interaction point is called the impact parameter. If the measured impact parameter is www.annualreviews.org/aronline Annual Reviews significantly larger than the experimental resolution in this quantity, the track is likely to originate from a secondary decay vertex.
To first order, the average impact parameter (do} is a measure of the lifetime r0 of the decaying particle, i.e. (do) ~I c. to. For charmed particles, the required precision is on the order of a few tens of microns, a value that is very difficult to achieve with conventional gaseous detectors but well matched to the capabilities of silicon microstrip detectors.
For a simplified detector system consisting of two detector layers with intrinsic spatial resolutions al and ~r2 at di,,;tances r~ and r2 from the production point (e.g. a drift chamber tracking system at large distance that measures the particle direction and a high-precision vertex detector close to the interaction point), the impact parameter resolution can be approximated by ~r~o = 2 2 O'l~iS +Cr~eom. Here, cr~eom is the geometrical extrapolation error, which in this simple case is given by z =( ~r~r2 )2+ ( is the average multiple scattering angle of a particle with momentum p through the material of thickness ,'~X~ (expressed in fractions of a radiation length X0) located at radius R~ and where nscatt is the number of scattering layers in front of the last detection element. Three conclusions can be drawn flom this simple approximation: (a) The first measurement (r~) should be performed as close as possible to the production point, and the intrinsic spatial resolution (a~) should be small; (b) the lever arm r2 -r~ should be large; and (c) the material of the detector, and especially the material in front of the first measurement, should be minimized. These considerations apply equally well to the design of vertex detectors for fixedtarget and collider experiments. In the next section we describe the silicon vertex detector of the HERA-B experiment, a fixed-target spectrometer designed to study the effects of CP violation in the bottom meson system at the HERA storage ring located at DESY in Germany. We then turn to a silicon detector system that illustrates the complexities encountered at a collider experiment: the ALEPH vertex detector at LEP (the Large Electron Positron Collider at the CERN laboratory, Switzerland).
Fixed-Target Experiments
One of the pioneering experiments that used silicon microstrip detectors was the NA11 (later NA32) experiment at CERN (20) . The detector in this experiment was a fixed-target spectrometer for the study of the decays of charmed mesons produced by hadroproduction. The position of a hadron beam incident on a copper target was defined by a set of six planes of silicon microstrip detectors. Downstrearn of the target, the trajectories of charged particles were detected by another set of six planes ofmicrostrip detectors. The silicon detectors had a strip pitch of 20/zm and a sensitive area of 24 x 36 mm 2. The fine spatial resolution achieved with this telescope allowed charged tracks from the primary interaction to be distinguished from the decay products of long-lived charmed particles.
To illustrate the progress made in the field since this landmark environment we describe the HERA-B silicon vertex detector, a proposed application of stateof-the-art silicon microstrip detector technology in the fixed-target environment. Figure 17 shows the spectrometer layout of the proposed HERA-B experiment. The detector will be used to study the effects of CP violation in the bottom meson system using an internal wire target inserted into the halo of the stored proton beam (21) . Protons interact with the target wires at an interaction rate of 30-40 lVIHz corresponding to 3-4 interactions per proton bunch crossing. The primary goal of the experiment is to study the time dependence of the CPo violating asymmetry in the decay of the B~ and ~ mesons to a CP eigenstate such as J/'q/K~. The main role of the silicon vertex detector system in this context is to provide precise tracking for charged particles in three dimensions
Figure 17 S(;hematic layout of the HERA-B spectrometer with (from right to left) the silicon vertex detector, the main tracking chamber system with the dipole magnet, the RICH and TRD for particle identification, and the electromagnetic calorimeter and the muon system. The overall length of the detector is ~20 m.
www.annualreviews.org/aronline Annual Reviews oping with the high density of charged particles at very short distance to the proton beam line (the closest distance to the beam line will be --~ 1 cm). This short distance is necessary not only for an unambiguous and precise reconstruction of the primary production vertex and the secondary B~-meson decay vertex but also for the suppression of background processes.
The configuration of the vertex detector system is typical for a forward spectrometer except for the fact that both the electron and proton beam pipes of HERA have to pass through the detector. The detector planes are mounted in layers perpendicular to the beam axis. In the baseline design (Figure 18 ), the detector system consists of seven superlayers. Each superlayer groups four layers of single-sided (or two layers of double-sided) detectors such that four different stereo views (2.5°, 87.5°, -t-.2.5° and +92.5°) are formed. An individual layer is comprised of four silicon strip wafers. The arrangement of these four detectors in a given layer in the plane perpendicular to the proton beam direction is shown in Figure 19 .
In order to minimize the effect of multiple scattering, the beam pipe is "folded" around the detector planes, and the impact parameter resolution is essentially independent of the polar angle for particles with fixed transverse momentum. The detectors are placed inside a secondary vacuum so that the windows of the "roman pot" system can be kept very thin. The schematic layout is shown in Figure 20 . The 112 single-sided (56 double-sided) detectors cover an active area of 50 x 70 mm 2 each and are read out by a custom-designed, very www.annualreviews.org/aronline Annual Reviews large scale integration circuit that can cope with the 10 MHz bunch-crossing frequency of the HERA proton beam (22) . Consecutive events are stored in pipeline 128 levels deep during a period of 12/zs to await the first level trigger decision. The total number of channels of the system is 136,192, and the total number of' readout chips is 1064.
The very high interaction rate at the target results in a considerable integrated radiation dose caused by particles incident on the detector. The expected flux at fixed perpendicular distance R to the beam axis is largely independent of the polar angle (8 > 10 mrad) and decreases with 1/R 2. simulations indicate that the total paa~icle flux ~b is
where q~l = 3 × 107 cm-2s -1 is the flux at r] = 1 cm. The innermost edges of the silicon detectors will thus be exposed to a fluenee of --,3 × 1014 cm -2
per "year" (107 s), which corresponds to an annual radiation dose of typically 100 kGy. The silicon detectors therefore should be displaced away from the regions with maximum exposure at regular intervals during normal operation. Since the particle flux rapidly decreases with increasing distance from the proton beam line, the readout electronics is subjected to only moderate radiation doses. The mechanical mounting structure for the silicon strip detectors is rather complex. It provides the infrastructure for the primary and secondary vacuum chamber and allows for shifting of the silicon detectors of a given superlayer in a coherent fashion, which minim!izes the illumination of the inner edges of each detector and allows for replacement of modules.
During the injection of the proton beam into HERA, the safe distance from the beam line to the first detector element is "-q.7 cm compared with a minimum possible radial distance of 1 cm during regular operation, The mechanical designs must allow the detector m~.dules to be moved both toward and away from the beam line on a daily basL,; while maintaining a very high degree of www.annualreviews.org/aronline Annual Reviews position accuracy, stability, safety, and reproducibility of placement. Figure 21 shows a longitudinal cross section of the roman pot layout inside the vacuum vessel that: houses the seven superlayers of silicon microstrip detectors. The overall length of the vessel is ,-,2.35 m.
The silicon wafers are contained in a secondary vacuum of 10 -6 mbar, and the pressure in the main stainless steel vessel is held at 10 -8 . Each quadrant of superlayers is contained in a movable assembly that can be displaced radially by an external, motorized mobile bearing unit. The complete assembly is mounted on a vibration-dampened platform.
The performance of the HERA-B silicon vertex detector system has been studied with detailed Monte Carlo simulations. The impact parameter resolution in the plane perpendicular to the proton direction for tracks with a fixed transverse momentum of 1 GeV/c increases from a roughly constant value of ,--40 /zm for polar angles less than 120 mrad to ~60/zm for larger angles. www.annualreviews.org/aronline Annual Reviews length of a B-meson is of the order of '-'7 mm, this resolution in the decay length is sufficient to measure with ihigh accuracy the CP asymmetry of B°a nd/~0 mesons in decays to the CP eigenstate J/~tK~ as a function of their decay time,
Collider Experiments
The first highly successful application of silicon strip detectors in fixed-target experiments to study charmed meson,,; and baryons in the early 1980s coincided with the preparatory discussions of the large collider experiments at LEP and SLC for the study of the Z° resonance. As early as 1982, proposals were put forth to employ this type of detector in a colliding-beam environment (23) . This suggestion prompted an extensive research and development program designed to cope with the new problems not previously encountered in fixedtarget experiments. Today, no less than seven different collider experiments are taking (or have taken) data with large-scale silicon strip vertex detector systems (24) .
The transition from the use of siliicon strip detectors in fixed-target experiments to their application in colliding-beam experiments is nontrivial. The two types of experiments have different kinematics, the particles produced in the latter case are more uniformly distributed over the complete solid angle, necessitating the construction of large arrays of silicon detectors surrounding the vacuum pipe. In a typical col]Iiding-beam experiment, the silicon vertex detector is the innermost of a whole set of concentric layers of particle detectors.
Since the beams must be contained in a vacuum pipe, the presence of material between the primary interaction point and the first measurement plane is unavoidable. The radius of the beam pipe is determined by the size of the beams and by the acceptable background resulting from stray beam particles and synchroton radiation. Because the momenta of the charged particles are on average lower in collider experiments than they are in fixed-target experiments, the achievable spatial resolution wil]t be dominated by multiple scattering.
As a typical example of the desi~gn of a silicon strip vertex detector in a colliding beam experiment, we have chosen the ALEPH experiment. ALEPH is a multipurpose collider detector built to study the properties of the decays of the heavy Z° boson at LEP at CERN. In their letter of intent in 1982, the ALEPH collaboration proposed using silicon strip detectors for a high-precision vertex detection (23) . A novel plan. was to install silicon strip detectors with readout strips on both sides of the same wafer essentially from the start so as to obtain three-dimensional position information for each particle. In 1989 a few prototype modules were installed into ALEPH as part of the start-up phase of LEP. The run was successful, and four the first time at a collider, signals detected www.annualreviews.org/aronline Annual Reviews
The ALEPH Verlex Oetector Figure 22 Overview of the configuration of the ALEPH silicon strip vertex detector.
on the p+ side and on the n + side of the same piece of silicon could be correlated to tracks of charged particles (25) . In 1991 a complete and improved two-layer detector system was installed and successfully commissioned, making ALEPH the pioneer in the implementation of silicon detectors with readout on both sides of the wafer. Figure 22 shows the configuration of the ALEPH detector at the time of installation in 1991. Two layers of silicon strip detectors are arranged in two concentric cylindrical arrays around the beam pipe with an average radius of 6.3 cm f~,r the inner layer and ~10.8 cm for the outer layer. The active detector areas of adjacent wafers are arranged so that they overlap by 2 mm in the r ¯ $ projection. Two detectors are mounted onto one electrical building block (the module), and two modules are in turn mounted together lengthwise to form the basic mechanical building block of the system (the face). The inner layer consists of 9, the outer layer of 15, mechanically independent faces, giving a total of 48 electrically identical and independent modules. The solid-angle coverage is 84% for the inner layer and 69% for the outer layer.
The silicon strip detectors have readout strips on both sides. The strips on one side (p+) are parallel to the beam direction and measure the azimuthal angle www.annualreviews.org/aronline Annual Reviews b, whereas the strips on the other side (n +) are perpendicular to the beam and measure the coordinate z. On the ¢ side, the two detectors are daisy-chained via ultrasonic wire bonding. The width of the modules is given by the width of the silicon detector wafers. In order to obtain the same 100/xm readout pitch on the z side as on the ¢ side without adding additional ambiguities in the pattern recognition, the detectors have been d~esigned as squares. Silicon wafers of 3-in diameter confined the overall size of the detectors to 51.2 × 51.2 mm 2.
The strip pitch on the junction side is 25/zm. Every second strip is equipped with a bonding pad. On the ohmic sidle, the n + implanted strips are interspersed with p+ implanted blocking strips. The strips on the junction side and the strips on the ohmic side are oriented at an angle of 90° to each other. The pitch between the p+ and the n + strips on the ohmic side is 25/zm. Each n + strip is equipped with a bonding pad. The detector is read out at a pitch of 100/zm on both sides by employing the principle of capacitive charge division. In this way the density of connections between the detector, the readout electronics, and the number of analogue readout channels with the accompanying power consumption and heat dissipation is reduced. In ALEPH, the silicon detectors are capacitively coupled to the readout electronics using external capacitors produced on an independent substrate.
The readout of the detectors on both the ~b side and the z side is performed with custom-designed VLSI CMO$ amplifier chips, the CAMEX64 (7). Eight (16) chips are used to read out the p+ +) si de. The to tal nu mber of analogue readout channels is 73,728. To test the radiation hardness, the CAMEX64 has been irradiated with an X-ray source both with power off and with power on and with the clocking signals operating (26) . When power is off during irradiation, the noise approximately doubles for an integrated radiation dose of ~ 140 krad. Under normal operating conditions, individual channels begin to fail at total doses of 20-30 krad. Figure 23 shows a three-dimensional view of the mechanical holding frame. It consists of two face-holding rings, a cylindrical shell that connects them, two cable-holding rings, and the electrical and mechanical shielding (not shown). Since the detector had to be mounted on a beam pipe that was already installed into the ALEPH experiment and integrated into the LEP storage ring, the entire structure was made of two half sectors. The two face-holding rings are connected via a hollow carbon fiber sandwich structure. This structure is comprised of two halves that form a cylinder. The cylinder is intended to provide a stable and rigid frame. The face-holding rings are made of carbon fiber to minimize the amount of multiple scattering. The mechanical holding frame is completed by a shield that enclose~; the faces. It consists of a 125-#m carbon fiber sheet glued with ~25/zm epoxy to a 25-/zm-thick aluminum foil. This www.annualreviews.org/aronline Annual Reviews shield protects the detectors from mechanical damage as well as from electrical interference. At perpendicular incidence, a particle must traverse on average material equivalent to --~3.6% of a radiation length. Figure 2 .4 shows the r ¯ ¢ and the r ¯ z projection of a hadronic event of the type Z° -~. BB --~ B°~X ~ ~P~4~X --~ lz+lz-K+K-X, as observed in the ALEPH detector (27) . The significant separation of the secondary B~ decay vertex from the primary vertex (the interaction region) as measured with the silicon strip vertex detector is easily visible. Note that the distance between the two vertices is "~3 mm.
After careful alignment of the complete ALEPH tracking system (including the silicon vertex detector, the inner tracking chamber, and the outer time projection chamber) (28), the effective point resolution of the vertex detector, which combines intrinsic detector resolution with the alignment accuracy, was determined using residuals from tracks traversing both layers and the overlap region in one of the two silicon layers. The point resolution for tracks at perpendicular incidence is measured to be "~12/zm in both the r ¯ ~) and the r ¯ view. ,
SUMMARY AND OUTLOOK
Because of their excellent capabilities for both position and energy measurement, semiconductor detectors are finding entrance into various fields of science and technology. This trend started in nuclear physics and has continued with the development of detectors and systems for elementary particle physics experiments involving not only new .detector concepts and technology but also new electronics and assembly techrfiques. Though the major limitation of the detectors is wafer size, systems involving active silicon of several tenths of a square meter in area are under development for experiments at furore accelerators. The high radiation environment at these accelerators places severe demands on detectors and electronics. Such www.annualreviews.org/aronline Annual Reviews problems will require the continued creativity and ingenuity of the physicists and engineers involved in the design of these devices and detector systems.
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